Bacillus subtilis mutants with altered penicillin-binding proteins (PBPs), or altered expression of PBPs, were isolated by screening for changes in susceptibility to p-lactam antibiotics. Mutations affecting only PBPs 2a, 2b and 3 were isolated. Cell shape and peptidoglycan metabolism were examined in representative mutants. Cells of a PBP 2a mutant (UB8521) were usually twisted whereas PBP 2b (UB8524) and 3 (UB8525) mutants produced helices, particularly after growth at 41 "C. The PBP 2a mutant (UB8521) had a higher peptidoglycan synthetic activity than its parent strain whereas the opposite applied to the PBP 2b mutant UB8524. The PBP 3 mutant (UB8525) had a similar peptidoglycan synthetic activity to that of the parent strain when grown at 37 "C, but 40% higher activity after growth at 41 "C. The PBP 2a mutant (UB8521) exhibited the same wall thickening activity as the parent, but the PBP 2b and 3 mutants (UB8524 and UB8525) were partially defective in this respect. The changes in the susceptibility of PBP 2a, 2b and 3 mutants to p-lactam antibiotics imply that these PBPs are killing targets, consistent with the ,fact that these PBPs are also important for shape determination and peptidoglycan synthesis.
INTRODUCTION
Bacteria which synthesize peptidoglycan contain a set of cytoplasmic membrane proteins that bind penicillin covalently (Spratt, 1983; Waxman & Strominger, 1983; Frere & Joris, 1985) . These proteins, known as penicillin-binding proteins (PBPs), perform the final stages of peptidoglycan synthesis. The high M , PBPs are usually essential for bacterial cell elongation, septum formation and shape determination. They are also the killing targets for p-lactam antibiotics since their inhibition leads to cell death and lysis (Spratt, 1983; Waxman & Strominger, 1983) .
Five PBPs were originally identified in Bacillus subtilis which were later further resolved into eight PBPs using improved techniques (Blumberg & Strominger, 1972; Klepp & Strominger, 1979) . Although B. subtilis was the first organism in which multiple PBPs were demonstrated, the killing target and the role of PBPs in shape determination and peptidoglycan synthesis have not yet been thoroughly examined in this organism (Waxman & Strominger, 1983) . Some preliminary attempts have been made to identify which PBPs are killing targets in B. subtilis. Horikawa & Ogawara (1980) examined the affinity of some p-lactams for the PBPs of B. subtilis and Buchanan & Strominger (1976) isolated carbenicillin resistant mutants on the basis that the mutants might be modified in one or more essential target PBPs. In both cases PBP 2 was identified as a killing target (Horikawa & Ogawara, 1980; Buchanan & Strominger, 1976) . When PBP 2 was resolved into proteins 2a and 2b, the former was identified as a killing target (Kkpp & Strominger, 1982) , but nevertheless PBP 2b was not excluded as another possible killing target (Waxman & Strominger, 1983) . Even less is known about the role of B. subtilis PBPs in shape determination and peptidoglycan synthesis. However, examination of the pattern of PBPs during spore germination has suggested that PBP 2a and PBP 2b are involved in vegetative cell elongation and septum formation respectively (Neyman & Buchanan, 1985) .
For further examination of PBPs in B. subtilis we isolated N-methyl-"nitro-N-nitrosoguanidine (NTG)-induced mutants defective in PBPs 2a, 2b, and 3. These mutants enabled us to examine the role of these PBPs in shape determination and peptidoglycan synthesis, thereby indicating which PBPs are likely killing targets for P-lactam antibiotics. Our results suggest that PBPs 2a, 2b and 3 are important for the growth of B. subtilis and therefore are killing targets for P-lactams.
METHODS
Bacteria. B. subtilis NCIB 10106 (trp) (Shivakumar et al., 1979) and various NTG-induced mutants derived from it were used. The mutants of NCIB 10106 were (PBP defect in parenthesis) UB8521 (2a), UB8522 (2a), UB8523 (2a), UB8524 (2b) and UB8525 (3). Each of these mutants was derived specifically for this study. Isolation of cytoplasmic membranes. Cultures were grown (routinely at 30 "C) to late exponential phase with aeration in L-broth. Bacteria were harvested and suspended in PMP buffer (50 mM-sodium phosphate, pH 7.5, 10 mM-MgCl,, 100 pwphenylmethylsulphonyl fluoride). Lysozyme (500 mg ml-I) and dithiothreitol (400 pg ml-I) were added and the cells incubated at 30 "C for 30 min before sonication (Dawe Soniprobe: 5 A, with 20 s treatments at 4 "C). Debris was removed by low speed centrifugation (4 "C, 6OOg, 15 min) and the cytoplasmic membranes in the supernatant were collected by ultracentrifugation (4 "C, 6OOOOg, 1 h). The cytoplasmic membranes were washed twice with PMP buffer, suspended in 50 m-phosphate buffer pH 7 to a concentration of 10 mg protein ml-' and stored at -20 "C prior to further use.
Protein determination. Protein was determined using the Folin-Ciocalteu reagent according to the procedure of Herbert et al. (1971) .
Detection of PBPs. Membranes were treated for 10 min with ben~yI[~~C]penicillin (50 mCi mmol-I, 30 pg ml-l final concentration) as described by Spratt (1977) . Membranes were usually exposed to labelled penicillin at 37 "C, but other temperatures (described in the text) were sometimes used. The reaction was terminated by the addition of an equal volume of SDS buffer (0.2 M-TrisfHC1, pH 7; 3% (w/v) SDS; 30% (v/v) glycerol; 1 mg unlabelled penicillin ml-' ; 0.125 M-2-mercaptoethanol) followed by immediate heating (100 "C, 5 min). PBPs were separated by slab gel electrophoresis (Suzuki et al., 1978) and labelled proteins were detected by fluorography (Chamberlin, 1979) .
Isolation of mutants. B. subtilis NCIB 10106 was mutagenized with NTG as described by Adelberg et al. (1965) . Cells hypersensitive or resistant to clavulanic acid or cefotaxime were selected by replica plating. The PBP profiles of these potential mutants were examined to establish whether they were genuine PBP mutants.
Isolation of reuertants from PBPmutants. PBP mutants were found to be defective in sporulation (M. Shohayeb & I. Chopra, unpublished) . Revertants were therefore isolated on the basis of restoration of their ability to produce normal spores. Strains were cultured on plates containing sporulation medium (per 100 ml: Difco Heart Infusion Agar, 4 g; MnCl, .4H20, 0.5 mg; FeSO,. 7H20, 0-5 mg; MgSO,. 7H20, 4.8 mg; CaCl,, 12.6 mg) and left for a week. Spores that escaped autolysis and were resistant to chloroform were transferred to another plate to promote cycles of germination and further sporulation. Strains (i.e. potential PBP revertants) that were regularly able to sporulate were checked for their PBP profiles.
Scanning electron microscopy. Bacteria growing in L-broth were fixed by the addition of glutaraldehyde (2.5 %, v/v) in 0.1 M-sodium cacodylate buffer (pH 7). After 30 min the fixed bacteria were concentrated by filtration through a 0.4 pm cellulose acetate filter (13 mm diameter, Sterilin) and washed with 0.1 M-caCodylate buffer (pH 7). Samples were dehydrated by soaking for 10 min in a series of ethanol solutions of increasing concentration, ranging from 30% to 100% (v/v). Dehydration with ethanol was followed by critical-point drying using carbon dioxide. Samples were sputter-coated with platinum and viewed with a Philips 501 scanning electron microscope.
Determination of peptidoglycan synthetic activity. Bacteria were grown for several generations in L-broth supplemented with 1 pCi ['4C]GlcNAc ml-1 to achieve steady-state 1abeIling of peptidoglycan. Incorporation of radioactivity into hot TCA-precipitable material was determined according to the procedure of Mertens & Reeve (1977) . Incorporation data were standardized by expressing the results as radioactivity incorporated per OD600 unit of bacteria. Under the labelling conditions employed, approximately 3-0 x lo5 c.p.m. of [14C]GlcNAc were incorporated (ml culture)-' when the parent strain NCIB 10106 was grown from 0.25 to 0.75 OD600 units at 37 "C.
Growth of NCIB 10106 at 41 "C led to incorporation values of about 3-5 x lo5 c.p.m. ml-I.
Wall thickening. Wall thickening activity was determined by following the incorporation of [I4C]GlcNAc into hot TCA-precipitable material according to the procedure of Mertens & Reeve (1977) , in which bacteria (in L-broth) were exposed to chloramphenicol (150 pg ml-l) prior to labelling. Under the labelling conditions employed, suspensions of NCIB 10106 at 0-25 OD,oo units incorporated about 9 x lo4 c.p.m. of [14C]GlcNAc ml-l after incubation for 30 min at 37 "C. At 41 "C, the value was typically 1.2 x lo5 c.p.m. ml-l for strain NCIB 10106.
Determination ofpeptide cross-linking inpeptidoglycan. Cultures were labelled with [ 4C]GlcNAc as described for the determination of peptidoglycan synthetic activity. Bacteria were then extracted with hot TCA (Mertens & Reeve, 1977) and the acid precipitates were washed in water and resuspended in ammonium acetate (0.1 M) containing pronase (10 pg ml-l). Samples were incubated at 37 "C for 12-1 5 h and then heated to 100 "C for 5 min. After cooling to room temperature, RNAase and DNAase (each at 20 pg ml-*) were added, and the reaction mixtures incubated for 6 h at 37 "C. Insoluble material (peptidoglycan) was washed and resuspended in water (0.84 ml). Saturated solutions of sodium bicarbonate (0.34 ml) and acetic anhydride (0.37 ml) were added and the mixtures incubated for 2 h at 37 "C to acetylate peptidoglycan. Acetylated peptidoglycan was washed with water and resuspended in 0.1 M-ammonium acetate (1 ml) containing lysozyme (10 mg ml-l) and chloramphenicol (2mgml-I). Chloroform ( 5~1 ) was added and the reaction mixtures were incubated for 12-15 h at 37°C. Lysozyme digests were heated (100 "C, 3 min), insoluble debris was removed by centrifugation and the supernatants were lyophilized. Peptidoglycan fragments in the lyophilized material were separated by descending paper chromatography (20 h, Whatman 3MM paper) using the upper phase of a butan-l-ol/acetic acid/water (4 : 1 : 5, by vol.) solvent system (Mirelman et al., 1976) . Radioactive spots were located by autoradiography and the activity of each region was quantified by scintillation spectroscopy after excision of the relevant spot from the dried chromatogram.
Determinution of MICs. L-agar plates containing various concentrations of each P-lactam were inoculated with about 50 bacterial cells. The minimum concentration of P-lactam which prevented colony formation after incubation for 24 h at 30 "C, 37 "C or 41 "C was taken as the MIC.
R E S U L T S
Selection of mutants NTG treated cultures of B. subtilis NCIB 10106 were screened at 41 "C for mutants with altered susceptibility (resistance or hypersensitivity) to selected /?-lactam antibiotics. Many potential PBP mutants were obtained by this means. Preliminary experiments established that only five of these had altered PBPs. These are described more fully below.
PBPs of mutant strains
Three mutants defective in PBP 2a (strains UB8521, UB8522 and UB8523) were isolated. The PBP 2a of strain UB8521 was temperature sensitive in its ability to bind labelled penicillin since it bound penicillin normally at 30 "C (Fig. 1, lane 2) and 37 "C (data not shown), but failed to bind it at 41 "C (Fig. 1, lane 4) . On the other hand, strains UB8522 and UB8523 had altered PBP2as which migrated faster than the normal PBP2a of the parent strain during gel electrophoresis (Figs 2 and 3 ). Mutant strain UB8524 possessed an altered PBP 2b which also migrated faster than the wild-type protein during gel electrophoresis (Fig. 4) . Only trace amounts of PBP 3 were detected in membranes from strain UB8525 compared to the parent strain NCIB 10106 (Fig. 5 ). This applied whether the penicillin binding experiments were done at 30 "C, 37 "C, or 41 "C. Fig. 5 compares the profiles of strains NCIB 10106 and UB8525 when the binding was done at 37 "C.
Sensitivity of mutants to /?-lactams
The PBP mutants described above were screened on the basis of altered susceptibility to /?-lactam antibiotics, particularly clavulanic acid and cefotaxime. Their response to these and other /?-lactams at 30 "C, 37 "C and 41 "C was subsequently examined in more detail. The mutants were either hypersensitive or resistant to most of the antibiotics at all temperatures tested. Table 1 shows the susceptibility of the mutants to some P-lactams at 37 "C.
The PBP 2a mutant UB8521 was initially isolated as hypersensitive to clavulanic acid, but it was also subsequently found to be hypersensitive to other P-lactam antibiotics (Table 1) . In contrast, PBP 2a mutant strains UB8522 and UB8523 were resistant to /?-lactams (Table 1) . The PBP 2b mutant UB8524 was isolated as sensitive to clavulanic acid and it was subsequently found to be hypersensitive to cefotaxime and cefuroxime. However, its susceptibility to some other P-lactam antibiotics was unaltered (Table 1 ). The PBP 3 mutant UB8525, isolated on the basis of its hypersensitivity to cefotaxime, was later found to be hypersensitive to other / Ilactams (Table 1) .
M . S H O H A Y E B A N D I . C H O P R A
Morphology of the mutants Mutants UB8522 and UB8523 (both PBP 2a mutants) exhibited normal cell shapes at all growth temperatures (data not shown). However, mutants UB8521 (PBP 2a), UB8524 (PBP 2b) and UB8525 (PBP 3) showed morphological changes when they were examined by scanning electron microscopy (Figs 6 and 7) . Cells of the PBP 2a mutant UB8521 were usually twisted and occasionally helical in shape at all growth temperatures; Figs 6(b) and 7(b) show the mutant grown at 37 "C and 41 "C respectively. Cells of the PBP 2b mutant UB8524 formed distorted helices and the effect was particularly marked at 41 "C (Figs 6c and 7c) . The mutant defective in PBP 3 (UB8525) formed helices, but the extent of coiling was generally less than that exhibited by the PBP 2b mutant. Figs 6(d) and 7(d) show cells of strain UB8525 grown respectively at 37 "C and 41 "C. Generally, the growth rates of all mutants were slower than the parent strain, especially at high temperatures (data not shown).
Peptidoglycan synthetic activity Peptidoglycan synthetic activities in the mutant strains UB8521, UB8524 and UB8525 were compared with the parent strain NCIB 10106. Peptidoglycan synthesis in the PBP 2a mutant Bacteria were grown in L-broth for several generations in the presence of [ 14C]GlcNAc as described in Methods. The OD600 of the culture was followed in a separate reaction mixture to standarize the data as radioactivity incorporated per OD6O0 unit of bacteria. Cells were treated with hot 5 % TCA and acid insoluble radioactivity was counted after washing the precipitates. Values are means SD for duplicate experiments with three replicas in each case. UB8521 was greater than in the parent strain at both 37 "C and 41 "C (Table 2 ). In contrast, the peptidoglycan synthetic activity of the PBP 2b mutant UB8524 was about 25% of the parent strain at both high and low temperatures ( Table 2 ). The mutant altered in PBP 3 (UB8525) had a peptidoglycan synthetic activity similar to the parent strain at 37 "C, but a higher activity at 41 "C than the parent strain grown at the same temperature (Table 2) .
Wall thickening When protein synthesis is stopped in a Gram-positive bacterium by the addition of a translation inhibitor such as chloramphenicol, wall thickening occurs (Shockman, 1965) . The parent strain NCIB 10106 and the PBP mutants UB8521, UB8524 and UB8525 were incubated Bacteria growing exponentially were adjusted to an OD,,, of 0.2. Chloramphenicol(150 pg ml-l) was added, followed, after 30 min, by ['*C]GlcNAc as described in Methods. After a further 30 min, samples were taken into hot TCA. Hot TCA precipitates were washed several times before the radioactivity was counted. Values are means f SD for duplicate experiments with three replicas in each case.
Wall thickening activity (relative to parent strain) at in L-broth containing [14C]GlcNAc and chloramphenicol (150 pg ml-l) at 37 "C and 41 "C. Differences in wall thickening between the parent strain and some mutants were found (Table  3 ). The PBP 2a mutant had almost the same thickening activity as the parent strain at 37 "C and 41 "C (Table 3) . On the other hand, PBP 2b and PBP 3 mutants showed very poor wall thickening activities when compared with the parent strain, especially at 37 "C (Table 3) .
Degree of peptidoglycan cross-linking In order to estimate the degree of cross-linking in vivo, [14C]GlcNAc was added to various cultures of B. subtilis growing at 37 "C. Cells were treated with TCA and the hot acid precipitates were acetylated prior to lysozyme treatment since bacilli may contain N-nonsubstituted glucosamine residues, and hence are resistant to lysozyme (Araki et al., 1972) . Lysozyme digests were analysed using descending paper chromatography. Bacillus megaterium has basically the same peptidoglycan structure as B. subtilis (Wickus & Strominger, 1972) ; by comparing the published order of fragments on the chromatograms containing material from B. megaterium (Wickus & Strominger, 1972) with that obtained in this work for B. subtilis, the digestion products (uncross-linked and cross-linked) from walls of B. subtilis were identified. The extent of cross-linking was calculated as the ratio of cross-linked to uncross-linked material (values given are means f SD for two experiments with three replicas in each case). The PBP 2a mutant showed a slightly higher degree of cross-linking (1.68 f 0.06) and the PBP 2b mutant showed a slightly lower degree of cross-linking (1.35 _+ 0-02) than the parent strain (1 -47 k 0.08). On the other hand, the degree of cross-linking in the PBP 3 mutant (1.43 0.09) did not differ significantly from the wild-type parent strain (1 -47 _+ 0.08).
DISCUSSION
When the affinities of a wide range of /?-lactams for B. subtilis PBPs were examined we found that most of the antibiotics bound to more than one PBP at growth inhibitory concentrations (data not shown). Because we were unable to inhibit individual PBPs by /?-lactam antibiotics, it was not possible to infer by this means whether certain individual PBPs have particular roles in the growth of B. subtilis. Therefore, as an alternative approach, we isolated several NTGinduced mutants that exhibited defects in a single PBP.
Five mutants were isolated, three of which were defective in PBP2a (UB8521, UB8522, UB8523), one defective in PBP 2b (UB8524) and one defective in PBP 3 (UB8525) (Figs 1-5 ). Preliminary examination of the mutants suggested that PBP 2a mutant strains UB8522 and UB8523 were physiologically active in spite of the apparent modification of their PBP 2as. For instance they grew normally in L-broth at different temperatures and showed no morphological alterations (data not shown). Therefore, only mutants UB8521, UB8524 and UB8525, and not UB8522 or UB8523, were further examined. Since NTG can cause multiple gene mutations (Guerola et al., 1971 ) we attempted to isolate PBP revertants, to try to ensure that the observations we made were due to PBP mutations and not other mutations. We were unable to isolate revertants of the PBP 2b mutant UB8524. However, spontaneous revertants of the PBP 2a and PBP 3 mutants were obtained which had normal PBP profiles and normal susceptibilities to P-lactams (data not shown).
The three mutants UB8521 (PBP 2a), UB8524 (PBP 2b) and UB8525 (PBP 3) displayed alterations in cellular morphology when compared to the parent strain (Figs 6 and 7). Generally these morphological alterations were not temperature dependent even for the PBP 2a mutant (UB8521), which possessed a PBP 2a thermolabile for penicillin binding (Fig. 1) . The PBP 2a of mutant UB8521 is therefore physiologically defective at various temperatures. Abnormal morphology of the PBP mutants studied here might be related to one or more of the following: (1) altered peptidoglycan content, (2) differences in the extent of peptidoglycan cross-linking, or (3) differences in the geometry of cross-linking. Alteration in the peptidoglycan content could result from overall changes in peptidoglycan synthetic activity and/or altered wall thickening activity: evidence for both types of alteration was obtained. The PBP 2a mutant had a higher peptidoglycan synthetic activity than its parent strain, whereas the opposite applied to the PBP 2b mutant. The PBP 3 mutant also had a higher peptidoglycan synthetic activity than the parent strain after growth at 41 "C. With respect to wall thickening activity, the PBP 2b and 3 mutants were defective when compared to the parent strain. The suggestion that altered peptidoglycan thickening may contribute to cell shape distortion in PBP 2b and 3 mutants is consistent with the abnormal thickening of peptidoglycan reported for penicillin-induced helical growth in Bacillus Iicheniformis (Highton & Hobbs, 1971) , and observations on a B. subtilis mutant with irregular morphology (Fan et al., 1972) .
Differences in the extent of cross-linking, which might also contribute to abnormal cell shape, were noticed in the PBP 2a mutant, where cross-linking was elevated, and in the PBP 2b mutant, where the level of cross-linking was less than that shown by the parent organism. Although we have not specifically examined peptidoglycan geometry or orientation in the mutants described here, alterations at this level could also contribute to modified cell shape. Some evidence suggests that when B. subtilis assumes a helical shape, the glycan backbone lies in a helical orientation (Mendelson et al., 1984) . Because the peptide side chain projecting from a glycan chain may be cross-linked to a neighbouring peptide side chain of another glycan strand, it is possible that the angle of cross-linking of these peptide side chains may create tension on the glycan backbone, producing a helical shape. The possibility that side chains may be linked at different angles in a Gram-positive bacterium like B. subtilis is not surprising since spatially complex multi-layers of peptidoglycan exist. The angle of cross-linking of the peptide side chains may be altered if a PBP is defective or absent.
Our results indicate that mutations affecting the nature of expression of PBPs 2a, 2b and 3 lead to pleiotropic effects on peptidoglycan metabolism that in turn produce abnormal cellular morphology. Although we have not been able specifically to assign individual functions to these PBPs, none appears to be exclusively involved in septum formation because the mutants did not form filaments. However, the possibility remains that PBP 2b may nevertheless play a role in septum formation because it is enriched in B. subtilis minicells (primarily former cell septa) (Shohayeb & Chopra, 1985) , and Neyman & Buchanan (1985) have shown enrichment of PBP 2b at the time of septum formation in germinating spores of B. subtilis. Therefore, in the PBP 2b mutant described here (UB8524), the function of PBP 2b in septum formation could be replaced by another PBP.
All isolated PBP mutants were either hypersensitive or resistant to different p-lactams at various temperatures (Table 1 shows susceptibilities at 37 "C). Hypersensitivity of a PBP mutant may be due to the replacement of the function of a defective PBP by another PBP, the latter having a higher affinity for /?-lactams (e.g. see Suzuki et al., 1978) . Resistance may be due to the decreased affinity of a modified PBP to the tested p-lactam (Reynolds, 1984) . In the context of the present studies both suggestions need further examination, but changes in the susceptibility of a PBP mutant imply that the modified PBP may be a killing target (Buchanan & Strominger, 1976; Suzuki et al., 1978) . Therefore, our data suggest that PBPs 2a, 2b and 3 are killing targets. The fact that these three PBPs were also found to be essential for shape determination and peptidoglycan synthesis confirms this suggestion. Our conclusions regarding PBP 2a and 2b as killing targets are supported by data from other groups (Klepp & Strominger, 1982; Waxman & Strominger, 1983) . However, our conclusion that PBP3 is a killing target is at variance with that of Buchanan & Strominger (1976) , who excluded this possibility. In general, inhibition of more than one target PBP is usually required to cause bacterial cell death (Tomasz, 1983) . Our results for B. subtilis agree with this general statement since none of the individual PBP mutations was lethal. 
